Cediranib is an orally active tyrosine kinase inhibitor that targets the vascular endothelial growth factor receptor family. Because of its potent antiangiogenic and antitumor activities, cediranib has been evaluated for therapy in glioma, a primary brain tumor. This study investigated the influence of two important efflux transporters at the blood-brain barrier, P-glycoprotein (P-gp) and breast cancer resistance protein (Bcrp), on the delivery of cediranib to the central nervous system. In vitro studies indicated that cediranib is a dual substrate for both P-gp and Bcrp. It is noteworthy that in spite of the in vitro data the in vivo mouse disposition studies conclusively showed that P-gp was the dominant transporter restricting the brain distribution of cediranib. The brain-to-plasma partitioning (AUC brain /AUC plasma , where AUC is area under the curve) and the steady-state brain-to-plasma concentration ratio of cediranib were approximately 20-fold higher in Mdr1a/b(Ϫ/Ϫ) and These results show that, unlike other tyrosine kinase inhibitors that are dual substrates for P-gp and Bcrp, Bcrp does not restrict the distribution of cediranib across the blood-brain barrier. We also show that inhibition of P-gp using specific or nonspecific inhibitors resulted in significantly enhanced delivery of cediranib to the brain. Concurrent administration of cediranib with chemical modulators of efflux transporters can be used as a strategy to enhance delivery and thus efficacy of cediranib in the brain. These findings are clinically relevant to the efficacy of cediranib chemotherapy in glioma.
Introduction
Delivery of drugs through the blood-brain barrier (BBB) is one of the fundamental challenges in treating diseases of the central nervous system (CNS). The BBB is an anatomical barrier because of the presence of endothelial tight junctions and a functional barrier because of the expression of active drug efflux transporters. Together, these two aspects restrict the passage of most small and large molecules into the brain, making the barrier effectively impermeable to many compounds that target diseases of the CNS. The ATP-binding cassette (ABC) transporters P-glycoprotein (P-gp; ABCB1), and breast cancer resistance protein (Bcrp; ABCG2) are two important efflux transporters that work together at the BBB, limiting the transport of several therapeutic agents into the brain (Agarwal et al., 2011a) . It has been shown that there are overlapping substrate specificities for these two efflux pumps, and a number of drugs, including many anticancer tyrosine kinase inhibitors (TKIs), are reported to be dual substrates for both P-gp and Bcrp (Dai et al., 2003; de Cries et al., 2007; Chen et al., 2009; Polli et al., 2009; Agarwal et al., 2010 Agarwal et al., , 2011 Tang et al., 2012) . Furthermore, it has been reported that P-gp is dominant in restricting the brain penetration of many dual P-gp/Bcrp substrates with Bcrp being the less dominant transporter (Lee et al., 2005; Zhao et al., 2009; Agarwal et al., 2011) . Together, these two transporters work as a team of gatekeepers that keep substrate drugs out of the brain.
Cediranib [4-[(4-fluoro-2-methyl-1H-indol-5-yl )oxy]-6-methoxy-7-[3-(pyrrolidin-1-yl)propoxy]quinazoline; also known as AZD2171 and Recentin (AstraZeneca, Wilmington, DE) ] is a potent and orally active inhibitor of the vascular endothelial growth factor (VEGF) family of receptors (VEGFR-1, VEGFR-2, and VEGFR-3) (Batchelor et al., 2007) . The role of VEGFRs as primary mediators of angiogenesis is well established in many tumors of the CNS, especially glioblastoma multiforme (GBM) (Huang et al., 2005) . In gliomas, angiogenesis is driven mainly by VEGF-A-mediated signaling via VEGFR-2, which leads to the proliferation, migration, and survival of tumor endothelium and abnormal microvascular permeability (Carmeliet and Jain, 2000) . VEGFR-2 is commonly overexpressed in tumor endothelial cells in gliomas (Hormigo et al., 2011; Sikkema et al., 2011) . Therefore, tumor vasculature has been investigated as a potential target for disrupting tumor-associated angiogenesis by inhibition of VEGF signaling (Demeule et al., 2004) . Cediranib has been evaluated in several clinical trials for the treatment of various tumors either alone or in combination with standard or experimental therapeutics, including recurrent GBM , non-small-cell lung cancer (Ramalingam et al., 2010) , colorectal cancer (Satoh et al., 2011) , and others. Preclinical studies in glioblastoma mouse models have shown that cediranib is effective in reducing tumor blood vessel formation and normalizing the aberrant glioma vasculature, leading to an improvement in progression-free survival. However, it is thought that this survival benefit may be caused by the alleviation of edema rather than a true antitumor effect (Kamoun et al., 2009 ). This was confirmed in a recently concluded phase II clinical study that reported that cediranib significantly decreased tumor vessel permeability and diameter, as well as induced other vascular changes that led to edema alleviation, but did not reduce tumor growth .
As mentioned earlier, the delivery of drugs across the BBB into the brain to their intracerebral targets is a requirement for efficacy of these drugs. Restricted delivery of chemotherapeutic agents across the BBB can significantly hamper their efficacy against brain tumors. Cediranib has a broad structural similarity with other TKIs, such as gefitinib, erlotinib, and lapatinib, which are avid substrates for P-gp/Bcrp (Polli et al., 2009; Agarwal et al., 2010; Kodaira et al., 2010) . We therefore hypothesized that cediranib may also be a substrate for either P-gp or Bcrp or both. If this is true, the interaction of cediranib with these active efflux transporters present at the BBB could limit its brain distribution and result in reduced efficacy against brain tumors such as GBM. In a recent review, we discussed how efficacy of molecularly targeted agents in GBM can be limited by several factors that affect drug delivery to the target tumor cells in tumors such as glioma (Agarwal et al., 2011) . Glioma is a very invasive disease, and glioma cells infiltrate normal brain areas centimeters away from the tumor core and remain shielded behind an intact BBB (Kuratsu et al., 1989; Silbergeld and Chicoine, 1997; Lucio-Eterovic et al., 2009) . Even though blood vessels in or near the tumor core may show poor barrier function, it may still be difficult for cediranib to achieve therapeutic concentrations in other regions of the brain endothelium, especially in areas that harbor the invasive tumor cells, thereby leading to its ineffectiveness in targeting the infiltrative tumor growth. Limited delivery of cediranib to its target sites in the invasive glioma cells may be one of the reasons for its clinical ineffectiveness seen in GBM. There are no published reports investigating the distribution of cediranib to the CNS. Likewise, the interaction of cediranib with drug efflux transporters has not been characterized. In the current study, we investigated whether cediranib is a substrate for the efflux pumps, P-gp and Bcrp, and whether this restricts delivery of cediranib across an intact BBB. -(4-[2-(6,7-dimethoxy-3,4 dihydro-1H-isoquinolin-2-yl)ethyl]-5-methoxy-9-oxo-10H-acridine-4-carboxamide] was purchased from Toronto Research Chemicals, Inc. (North York, ON, Canada). Ko143 [(3S,6S,12aS)-1,2,3,4,6,7,12,12a-octahydro-9-methoxy-6- 
Materials and Methods

Chemicals and Reagents
In Vitro Studies
Cell Lines. In vitro studies were conducted in epithelial MadinDarby canine kidney (MDCKII) cells that expressed either human P-gp (MDCKII-MDR1 cell line) or murine Bcrp (MDCKII-Bcrp1 cell line). These cells were generously provided by Drs. Piet Borst and Alfred H. Schinkel (The Netherlands Cancer Institute). Cells were cultured in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum (Sigma), penicillin (100 U/ml), streptomycin (100 g/ ml), and amphotericin B (250 ng/ml) (all Sigma) and maintained at 37°C with 5% CO 2 under humidifying conditions. Intracellular Accumulation. For the intracellular accumulation studies, cells were grown in 12-well polystyrene plates (Thermo Fisher Scientific, Waltham, MA) that were seeded at a density of 2 ϫ 10 5 cells/well. Growth medium was changed on alternate days until the cells formed confluent monolayers. On the day of the experiment cells were equilibrated for 30 min with 1 ml of growth medium with or without transporter inhibitors. After the preincubation step, the experiment was initiated by addition of 1 ml of cediranib working solution (1 M), and the plates were incubated in an orbital shaker maintained at 37°C. The experiment was terminated after a 3-h accumulation period by aspirating the drug solution from the wells and washing the cells twice with 1 ml of ice-cold phosphate-buffered saline. Cells were then solubilized by addition of 0.5 ml of M-PER mammalian protein extraction reagent (Thermo Fisher Scientific) to each well, and the protein concentration in the solubilized cell fractions was determined by the bicinchoninic acid protein assay (Thermo Fisher Scientific). Cediranib concentration associated with a 100-l sample was determined by high-performance liquid chromatography (HPLC) coupled with tandem mass spectrometry (MS/ MS). The intracellular uptake of cediranib was expressed as a perDistribution of Cediranib to the Brain Is Limited by P-gp 387 centage of accumulated cediranib (nanogram per microgram of protein) measured in the transfected cells compared with that in wild-type cells. For inhibition studies, the cells were treated with the dual P-gp/Bcrp inhibitor GF120918 (5 M) and the selective inhibitors LY335979 (1 M) for P-gp or Ko143 (200 nM) for Bcrp during both the preincubation and accumulation periods. The stock solutions for all of the inhibitors used were prepared in dimethyl sulfoxide and diluted by using cell growth medium to obtain working concentrations. The final concentration of DMSO in the working solutions was always less than 0.5%. [
3 H]vinblastine and [ 3 H]prazosin were included in the accumulation studies as positive controls for P-gp and Bcrp, respectively. Radioactivity (dpm) associated with a 150-l sample was determined by liquid scintillation counting (LS-6500; Beckman Coulter, Fullerton, CA). The radioactivity in the cell fractions was normalized by the respective protein concentrations, and drug accumulation in the cells was expressed as a percentage of accumulated radioactivity (dpm per microgram of protein) in the transfected cells compared with the wild-type control cells.
Directional Flux Assays. Transepithelial transport of cediranib was assessed by using MDCKII wild-type, MDR1-transfected, and Bcrp1-transfected cells. Transport assays were performed in six-well Transwells (Corning Glassworks, Corning, NY). The cells were seeded at a density of 2 ϫ 10 5 cells/well until they formed confluent polarized monolayers. The experiment was conducted by applying a 900 ng/ml solution of cediranib (in complete growth medium) to the donor compartment. The receiver compartment was then sampled (200-l aliquot) at 0, 2, and 3 h after addition of cediranib to the donor side and immediately replaced with fresh growth medium. Transport of cediranib was assessed in two directions: apical-tobasolateral (A-to-B) and basolateral-to-apical (B-to-A). The amount of cediranib transported over time was determined by measuring cediranib concentrations in the samples by HPLC-MS/MS. The apparent permeability (P app ) of cediranib was calculated by the following equation:
where dQ/dt is the rate of mass transport (determined from the slope of the amount transported versus time plot), A is the apparent surface area of the cell monolayer (4.67 cm 2 ), and C 0 is the initial donor concentration. The efflux ratio, defined as the ratio of P app in the B-to-A direction to the P app in the A-to-B direction, was used to estimate the magnitude of transporter-mediated efflux.
P-gp and Bcrp Inhibition Assays. The ability of cediranib to inhibit P-gp and Bcrp was evaluated by examining the intracellular accumulation of prototypical probe substrates, [
3 H]vinblastine for P-gp and [
3 H]prazosin for Bcrp in presence of varying concentrations of cediranib ranging from 0 to 40 M. The accumulation was carried out for 2 h as described earlier, and the amount of accumulated radioactivity associated with the probe substrates (dpm per microgram protein) was measured and plotted versus cediranib concentration.
In Vivo Studies
Animals. In vivo studies were conducted in wild-type, Mdr1a/ b(Ϫ/Ϫ) (P-gp knockout), Bcrp1(Ϫ/Ϫ) (Bcrp knockout), and Mdr1a/ b(Ϫ/Ϫ)Bcrp1(Ϫ/Ϫ) (triple knockout) mice of a FVB genetic background from Taconic Farms (Germantown, NY). All animals, 8 to 10 weeks old, were maintained under temperature-controlled conditions with a 12-h light/dark cycle and unlimited access to food and water. Mice were handled according to the guidelines set by the National Institutes of Health (Institute of Laboratory Animal Resources, 1996) and approved by the Institutional Animal Care and Use Committee of the University of Minnesota.
Plasma and Brain Pharmacokinetics after Intravenous or Oral Administration. Wild-type and Mdr1a/b(Ϫ/Ϫ)Bcrp1(Ϫ/Ϫ)
mice were administered a 5 mg/kg dose of cediranib (1.0% w/v Tween 80) by oral gavage. Mice were euthanized by using a CO 2 chamber at the desired time points for up to 24 h postdose (n ϭ 4 at each time point), and blood and brain were harvested.
For intravenous administration of cediranib, the dosing solution was prepared on the day of the experiment by dissolving cediranib in a vehicle containing DMSO, propylene glycol, and saline (5:3:2 v/v/v) to yield a final concentration of 2 mg/ml. Wild-type, Mdr1a/b(Ϫ/Ϫ), Bcrp1(Ϫ/Ϫ), and Mdr1a/b(Ϫ/Ϫ)Bcrp1(Ϫ/Ϫ) mice received an intravenous dose of 4 mg/kg cediranib by tail vein injection. Blood and brain were sampled at different time points up to 24 h postdose, n ϭ 4 at each time point. Plasma was isolated from blood cells by centrifugation at 3500 rpm for 10 min at 4°C. Brains were rinsed with ice-cold saline to remove extraneous blood and flash-frozen in liquid nitrogen. Plasma and brain specimens were stored at Ϫ80°C until analysis by HPLC-MS/ MS. At the time of analysis, brain tissues were homogenized in three volumes of ice-cold 5% (w/v) bovine serum albumin in phosphatebuffered saline solution. Because the brain vascular space in mice is 1.4% of the whole brain volume (Dai et al., 2003) , brain concentration was corrected for the residual drug in the brain vasculature by the following equation: C br, corrected ϭ C br, measured Ϫ 0.014 ϫ C pl , where C br, corrected is the true cediranib concentration in the brain, C br, measured is the measured cediranib concentration in the brain, and C pl is the plasma concentration of cediranib.
Noncompartmental pharmacokinetic analyses using Phoenix WinNonlin 6.1 (Pharsight, Mountain View, CA) were carried out to estimate the pharmacokinetic parameters. The AUC was calculated by using the trapezoidal rule. The maximum drug concentration (C max ) and the time to reach peak concentration (T max ) were determined from the observed data.
Steady-State Brain Distribution of Cediranib. The partition coefficient of cediranib in brain was determined by measuring concentrations in brain and plasma at steady state in wild-type,
Cediranib was administered as a constant rate intraperitoneal infusion of 50 g/h by using Alzet osmotic minipumps (Durect Corporation, Cupertino, CA). A 50 mg/ml solution of cediranib in DMSO was filled in the minipumps (model 1003D), and the pumps were surgically inserted into the peritoneal cavity of anesthetized mice (100 mg/kg ketamine, 10 mg/kg xylazine), and the animals were allowed to recover for 1 h on a heated pad. The animals were euthanized 72 h postsurgery, and brain and blood were collected as described earlier. Plasma and brain specimens were stored at Ϫ80°C until analysis by HPLC-MS/MS. The pumps operated at a constant flow rate of 1 l/h, resulting in an intraperitoneal infusion rate of 50 g/h.
The apparent plasma clearance (CL app ) after infusion to steady state was calculated as follows:
where R 0 is the constant rate of infusion (ng/h), and C ss is the steady-state plasma concentration (ng/ml). Influence of P-gp and Bcrp Inhibitors on Brain Distribution of Cediranib. The influence of pharmacological inhibition of P-gp and Bcrp on brain distribution of cediranib was examined by concurrent administration of selective and nonselective inhibitors along with cediranib. Wild-type mice received an intravenous dose of blank vehicle (control), 25 mg/kg LY335979, 10 mg/kg Ko143, or 10 mg/kg GF120918 30 min before a 5 mg/kg oral dose of cediranib. Brain and plasma were collected at 90 min after the cediranib dose. Likewise, brain distribution of cediranib was determined in a separate group of wild-type at ASPET Journals on April 13, 2017 jpet.aspetjournals.org cell lysate, cell culture media, mouse plasma, and mouse brain homogenate was conducted by HPLC-MS/MS (Wang et al., 2011) . In brief, frozen samples were thawed in a water bath at ambient temperature before drug extraction. Brain tissues were homogenized with a tissue homogenizer (Power Gen 125; Thermo Fisher Scientific) in three volumes of ice-cold 5% (w/v) bovine serum albumin in phosphate-buffered saline solution. A 50-l aliquot of plasma and a 100-l aliquot of brain homogenate samples were dispensed into disposable borosilicate glass culture tubes (13 mm ϫ 100 mm) containing AG1478 (used as internal standard; 400 ng/ml in 10 l of methanol) and vigorously mixed on a vortex mixer. Mouse plasma and brain homogenate samples were extracted by using liquid-liquid extraction with acetonitrile as organic phase. The supernatant was separated by centrifugation and dried under nitrogen. Samples were then reconstituted in a 75-l mobile phase and transferred to autosampler vials for injection. A volume of 10 l was injected at 10°C by using a temperature-controlled autosampling device. HPLC analysis was performed using an Agilent model 1200 separation system (Agilent Technologies, Santa Clara, CA). Separation was achieved on a ZORBAX Eclipse XDB-C 18 RRHT threaded column (4.6 ϫ 50 mm, 1.8 m; Agilent Technologies). The HPLC system was interfaced to a TSQ Quantum 1.5 triple quadrupole mass spectrometer (Thermo Fisher Scientific) equipped with an electrospray ionization source. Column temperature was set to 30°C. The mobile phase was composed of 10 mM ammonium acetate containing 0.1% formic acid and acetonitrile (62:38 v/v). The flow rate was maintained at 0.25 ml/min, and the chromatographic run time was 9 min. The samples were analyzed by using an electrospray probe in the positive ionization mode operating at an ion spray voltage of 4000 V for both cediranib and the internal standard. Selected reaction monitoring was used for mass spectrometric quantitation. Data acquisition and analysis were controlled by the Xcalibur version 2.0.7 data system (Thermo Fisher Scientific). The collision gas was argon (1.5 mTorr), and the collision energy was set at 17 V for cediranib and 16 V for AG1478. The transitions monitored were m/z 451.7 3 112.2 for cediranib and m/z 317 3 301 for the internal standard. The assay was validated for a 2.5 to 2500 ng/ml concentration range for plasma and a 1 to 2000 ng/ml range for brain homogenate.
Statistical Analysis
The two sample t test was used for statistical testing of two groups by using SigmaStat, version 3.1 (Systat Software, Inc., San Jose, CA). Significance was declared at p Ͻ 0.05. Multiple groups were compared by one-way analysis of variance with the Holm-Sidak post hoc test at a significance level of p Ͻ 0.05. ]prazosin, prototypical substrates for P-gp and Bcrp, respectively, were included as positive controls. As seen in Fig. 1A , accumulation of the P-gp substrate vinblastine was significantly reduced in the MDR1-transfected cells compared with wild-type control (ϳ24% of wild type). Likewise, cediranib accumulation in the MDR1-transfected cells was significantly lower compared with the wild-type cells (44% of wild type; pϽ0.05). Cediranib accumulation in the MDR1-transfected cells increased upon treatment with the P-gp-specific inhibitor LY335979 and the P-gp/Bcrp dual inhibitor GF120918 (Fig. 1A) , such that it was not significantly different from the accumulation in wildtype cells. This suggested that P-gp is involved in efflux of cediranib from the cells. In the Bcrp1-transfected cells, there was significantly lower accumulation of the Bcrp substrate prazosin compared with wild-type control (ϳ44% of wild type; p Ͻ 0.05; Fig. 1B) . Likewise, cediranib accumulation in the Bcrp1-transfected cells was statistically lower than that in wild-type cells (ϳ68% of wild type; p Ͻ 0.05). The efflux activity of Bcrp was abolished upon treatment with the Bcrpselective inhibitor Ko143 and the P-gp/Bcrp dual inhibitor GF120918 (Fig. 1B) , which suggests that Bcrp also limits intracellular accumulation of cediranib.
Results
In Vitro Studies
Directional Permeability of Cediranib across MDCKII Cells. Transcellular transport of cediranib was determined in MDCKII wild-type and MDR1-or Bcrp1-transfected cells. In the MDR1-transfected cells, the rate of cediranib transport was significantly increased in the B-to-A direction compared with that in the A-to-B direction ( Fig. 2A; p Ͻ 0.05) . The apparent permeability of cediranib in the B-to-A direction was 2-fold greater than the A-to-B permeability in the MDR1-transfected cells (Table 1 ). The P-gp inhibitor LY339579 effectively inhibited P-gp mediated efflux of cediranib in the MDR1-transfected cells, such that the B-to-A permeability of cediranib was significantly reduced in (Table  1) . Directional flux experiments in the Bcrp1-transfected cells showed increased directionality in the flux of cediranib (Fig. 2B) , with the apparent permeability in the B-to-A direction being 4-fold greater than the A-to-B permeability ( Table 2 ). The Bcrp inhibitor Ko143 reversed the Bcrp-mediated efflux transport such that the B-to-A permeability of cediranib was significantly reduced in Ko143-treated cells compared with untreated cells (Table 2) . These in vitro studies suggest that cediranib is a substrate of both P-gp and Bcrp and is efficiently transported by both transporters.
Inhibition of P-gp and Bcrp by Cediranib. Figure 3  shows 50 of cediranib for inhibition of P-gp. However, these results clearly show that cediranib inhibits the P-gp-mediated transport of vinblastine. It is noteworthy that cediranib treatment did not increase prazosin accumulation in the Bcrp1-transfected cells, indicating that cediranib does not inhibit Bcrpmediated efflux, even though it is a substrate for Bcrp.
In Vivo Studies
Cediranib Brain and Plasma Pharmacokinetics. Because cediranib is administered orally, cediranib pharmacokinetics in plasma and brain were first examined after oral administration in wild-type and Mdr1a/b(Ϫ/Ϫ)Bcrp1(Ϫ/Ϫ) mice. Cediranib brain concentrations in the wild-type mice were significantly lower than the plasma concentrations (p Ͻ 0.05; Fig. 4A ), indicating restricted transport of cediranib across the BBB. In comparison, in the Mdr1a/b(Ϫ/Ϫ)Bcrp1(Ϫ/Ϫ) mice, brain concentrations were up to 7-fold higher than plasma concentrations (p Ͻ 0.05; Fig. 4B) , showing the influence of P-gp and Bcrp on cediranib transport to the brain. There was no significant difference in plasma AUC (0 -20 h) between the two genotypes ( Table 3 ), suggesting that P-gp and Bcrp do not influence the absorption or systemic elimination of cediranib at these doses. The AUC in brain was 26-fold greater in the Mdr1a/b(Ϫ/Ϫ)Bcrp1(Ϫ/Ϫ) mice compared with the wild type.
To further investigate whether the limited brain penetration of cediranib is mediated by P-gp or Bcrp or both, brain and plasma pharmacokinetics of cediranib were studied after intravenous injection into wild-type, Mdr1a/b(Ϫ/Ϫ), (Fig. 5) . There was no significant difference in the plasma concentrations of cediranib between the four genotypes. The AUC in plasma was 9.2 Ϯ 0. 36, 8.4 Ϯ 0.38, 7.6 Ϯ 0.24, and 8 (Table 5 ) after a continuous intraperitoneal infusion for 72 h. This duration of infusion was considered to be sufficient for reaching steady state in both brain and plasma because the half-life of cediranib was determined to be ϳ1.8 to 3 h in plasma and ϳ3 to 7 h in brain (Table 4 ). There was no significant difference in steadystate plasma concentration (C ss,plasma ) or the apparent plasma clearance (CL app ) between the four genotypes, confirming our earlier results that P-gp and Bcrp do not influence the total body clearance of cediranib (Table 5 ). However, steady-state brain concentrations (C ss,brain ) of cediranib were pronouncedly enhanced in the Mdr1a/b(Ϫ/Ϫ) and Mdr1a/b(Ϫ/Ϫ) Bcrp1(Ϫ/Ϫ) mice compared with that in wild-type and Bcrp1(Ϫ/Ϫ) mice. The steady-state brain-to-plasma ratio was ϳ21-fold higher in the Mdr1a/b(Ϫ/Ϫ) and ϳ25-fold higher in the Mdr1a/b(Ϫ/Ϫ)Bcrp1(Ϫ/Ϫ) mice compared with wild type (p Ͻ 0.05). These results are consistent with the AUC ratios seen in both the oral and intravenous pharmacokinetics studies and again confirm the predominant impact of P-gp in limiting brain distribution of cediranib.
Bcrp1(Ϫ/Ϫ), and Mdr1a/b(Ϫ/Ϫ)Bcrp1(Ϫ/Ϫ) mice
Influence of P-gp and Bcrp Inhibitors on Brain Distribution of Cediranib. There are generally two in vivo approaches to quantify the magnitude of transporter-mediated drug exclusion from the CNS: one is through the use of transporter-deficient animal models, and the other is through cotreatment of pharmacological modulators of transporter function. Results from the transporter-deficient ani- (Fig. 6A) . Concurrent administration of the selective P-gp inhibitors LY335979 and the dual P-gp/ Bcrp inhibitor GF120918 resulted in an significant enhancement in brain-to-plasma concentration ratios of cediranib to 2.35 Ϯ 0.89 and 3.15 Ϯ 1.92, respectively (p Ͻ 0.05) compared with the vehicle control (0.18 Ϯ 0.02; Fig. 6B ). However, similar to what we saw in the Bcrp1(Ϫ/Ϫ) mice, pretreatment of the Bcrp-specific inhibitor Ko143 had no significant effect on the brain distribution of cediranib in the wild-type mice, with the brain-to-plasma ratio being 0.17 Ϯ 0.07. The phar- macological inhibition recapitulates our findings in the genetic knockouts and confirms that P-gp is the main efflux transporter that limits the brain distribution of cediranib. Coadministration of the pharmacological inhibitors for the two transporter proteins, especially for P-gp, may have the potential to enhance the brain delivery of cediranib.
Discussion
Cediranib is a potent inhibitor of the VEGFR family and other regulators of tumor growth and angiogenesis such as platelet-derived growth factor receptor and c-KIT that are frequently deregulated in glioblastoma vasculature (Batchelor et al., 2007) . Furthermore, cediranib inhibits tumor cell migration and invasion by inhibiting the VEGF/VEGFR autocrine signaling pathways (Morelli et al., 2009 ). The VEGFR blockade by cediranib may also lead to tumor cell apoptosis (Kamoun et al., 2009 ). All of these factors made cediranib an attractive option for therapy of brain tumors such as GBM (Batchelor et al., 2007 . However, the antitumor efficacy with cediranib therapy has not been clinically proven . Even though early clinical trials showed promising results in GBM, where cediranib significantly decreased permeability of tumor vasculature, reduced vessel diameter, and led to the alleviation of edema, studies confirmed that there was no reduction in tumor growth. This clinical failure of cediranib can be attributed to the pathological infiltrative characteristics of GBM as well as the inability of cediranib to reach its target. Glioma is a very infiltrative brain tumor with tumor cells spreading to areas centimeters away from the primary tumor core. These invasive cells may reside in areas that are protected by an intact BBB and thus remain shielded from anticancer therapeutics. We hypothesize that the restricted delivery of cediranib to its target sites (brain tumor endothelial cells and invasive glioma cells) in the brain might be one of possible reasons for its failure in GBM therapy. Therefore, the aim of the current study was to investigate the delivery of cediranib across the BBB into the brain. We examined the interaction of cediranib with two dominant active efflux transporters at the BBB, P-gp and Bcrp, and have shown that delivery of cediranib into the brain is limited mainly by P-gp-mediated efflux at the BBB.
In vitro accumulation and directional transport studies showed that cediranib is a substrate for both P-gp and Bcrp. Inhibition of P-gp and Bcrp increased the restricted intracellular accumulation of cediranib in the transporter-overexpressing cell lines to levels similar to that in the wild-type cells (Fig. 1) . It is noteworthy that cediranib inhibited P-gp mediated efflux but not Bcrp (Fig. 3) . These findings are clinically relevant because inhibition of P-gp by cediranib may alter tissue pharmacokinetics of concurrently administered drugs that are substrates for P-gp. The finding that cediranib is transported by Bcrp, but does not inhibit the Bcrp-mediated efflux transport of substrates, like prazosin, is similar to the behavior of another TKI, sorafinib, as reported by Agarwal et al. (2011b) . It is possible that cediranib, similar to sorafenib, might be transported by Bcrp by binding to a site that is different from the prazosin binding site. Giri et al. (2008) first postulated the presence of multiple binding sites on Bcrp. This finding further provides credence to this hypothesis and warrants further research in this area. The in vitro studies suggested that cediranib is a substrate for both P-gp and Bcrp. We therefore studied the brain distribution of cediranib in FVB mice to examine the effect of these transporters on its transport across the BBB. Cediranib concentrations in brain were compared among the wild-type, Mdr1a/ b(Ϫ/Ϫ), Bcrp1(Ϫ/Ϫ), and Mdr1a/b(Ϫ/Ϫ)Bcrp1(Ϫ/Ϫ) mice. Upon oral administration in wild-type mice, cediranib brain concentrations were on average 5-fold lower than plasma concentrations, indicating the limited partitioning of cediranib into the brain (Fig. 4A ). Absence of P-gp and Bcrp at the BBB dramatically enhanced cediranib brain partitioning such that concentrations in brain were ϳ4-fold greater than that in plasma (Fig.  4B ). This confirmed that cediranib was effluxed at the BBB by P-gp and/or Bcrp. Tween 80 (1%; w/v) was used as dosing vehicle for oral administration. Because all strains were dosed with the same vehicle, comparisons based on the same dosing formulation are reasonable. To understand the impact of influence individual transporter (P-gp or Bcrp) on cediranib brain penetration, brain partitioning was determined after intravenous dosing in the four mouse genotypes. In the wild-type and Bcrp1(Ϫ/Ϫ) mice, the AUC in brain was ϳ4-fold lower than the AUC in plasma (Table 4) . Similar brain partitioning in these two mouse genotypes indicated that Bcrp does not restrict the delivery of cediranib across the BBB. Cediranib AUC in the brain in the Mdr1a/b(Ϫ/Ϫ) and Mdr1a/b(Ϫ/Ϫ)Bcrp1(Ϫ/Ϫ) mice was ϳ20-fold higher than that in wild-type and Bcrp1(Ϫ/Ϫ) mice ( Fig. 5; Table 4 ). There was no significant difference in brain partitioning of cediranib between the Mdr1a/b(Ϫ/Ϫ) and Mdr1a/b(Ϫ/Ϫ)Bcrp1(Ϫ/Ϫ) mice. The finding that that there was no additional increase in brain partitioning of cediranib in the Mdr1a/b(Ϫ/Ϫ)Bcrp1(Ϫ/Ϫ) mice shows that P-gp-mediated efflux at the BBB predominantly restricts brain delivery of cediranib and Bcrp does not play a significant role in limiting the CNS distribution of cediranib. This is in contrast to the in vitro studies that indicated cediranib was a substrate for both P-gp and Bcrp.
To date, there are several published studies that report a possible cooperation of P-gp and Bcrp in restricting the delivery of TKIs across the BBB. This has been shown for imatinib (Breedveld et al., 2005) , dasatinib (Chen et al., 2009) , gefitinib (Agarwal et al., 2010) , lapatinib (Polli et al., 2009) , erlotinib (Kodaira et al., 2010) , and sunitinib (Tang et al., 2012) . Most of these studies reported a greater than proportional increase in brain distribution when both P-gp and Bcrp are absent in the Mdr1a/b(Ϫ/Ϫ)Bcrp1(Ϫ/Ϫ) mice.
Many of these studies also suggested that P-gp was the dominant transporter at the BBB in limiting the brain uptake of substrate drugs. Cediranib is different from other TKIs in that the in vivo studies suggest that P-gp and Bcrp do not have a combined effect on its brain distribution. There is no difference between the brain distribution between the Mdr1a/b(Ϫ/Ϫ) and Mdr1a/b(Ϫ/Ϫ)Bcrp1(Ϫ/Ϫ) mice and between the wild-type and Bcrp1(Ϫ/Ϫ) mice, suggesting that Bcrp does not efflux cediranib at the BBB. We had hypothesized in our previous studies that a higher expression of P-gp compared with Bcrp may be the reason behind the subdued effect of Bcrp-mediated efflux at the BBB (Agarwal et al., 2011b) . Kamiie et al. (2008) showed that there is 5-fold lower expression of Bcrp protein at the murine BBB than P-gp. This may in part explain the lack of Bcrp-mediated efflux of cediranib at the BBB.
The finding that inhibition of P-gp enhanced brain penetration of cediranib (Fig. 6B ) has significant clinical implications. Concurrent use of the P-gp-specific inhibitor LY335979 or the dual inhibitor GF120918 was able to increase brain distribution of cediranib to levels similar to those seen in the knockouts (Fig. 6A ). This indicates that chemical modulation of efflux transporters, mainly P-gp, can be used as a promising therapeutic strategy to enhance cediranib distribution to the brain. This might improve the clinical efficacy of cediranib for the treatment of brain tumors.
Glioblastoma multiforme is one of the most formidable challenges faced by the neuro-oncology community. The ability of glioma cells to migrate and promote angiogenesis makes treatment of GBM challenging and demands further investigation of novel therapies that target these processes, such as cediranib. The constraint to deliver drugs across the blood-brain barrier has prevented easy application of potent, peripherally active drugs against this tumor. Cediranib, like many other TKIs, is effluxed by P-gp at the BBB. This is a critical finding that can influence the delivery and thus efficacy of cediranib in the brain tumor.
In conclusion, we have shown that cediranib is a substrate of active efflux transporters P-gp and Bcrp in vitro but only P-gp plays a critical role in limiting brain delivery of cediranib. Efficacy of cediranib against glioma may depend on the ability of cediranib to achieve therapeutic concentrations in brain tumor endothelial cells and the invasive glioma cells. This study shows that use of potent inhibitors for P-gp such as GF120918 may enhance delivery of cediranib to the brain.
